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Diffuse reflectance spectroscopy of human
liver tumor specimens - towards a tissue
differentiating optical biopsy needle using
light emitting diodes
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Abstract: Significant numbers of liver biopsies fail to yield representative tissue samples.
This study was conducted to evaluate the ability of LED-based diffuse reflectance
spectroscopy to discriminate tumors from liver parenchyma. Ex vivo spectra were acquired
from malignant lesions and liver parenchyma of 32 patients who underwent liver resection
using a white light source and several LEDs. Integrated spectra of two combined LEDs with
emission peaks at 470 nm and 515 nm were classified with 98.4% sensitivity and 99.2%
specificity. The promising results could yield to a simple handheld and cost-efficient tool for
real-time tissue differentiation implemented in a biopsy needle.
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1. Introduction

Diagnosis and management of liver tumors play a significant role in modern cancer treatment.
While hepatocellular carcinoma (HCC) is the 6th most frequent cause of cancer worldwide,
approximately 40%-50% of extrahepatic malignancies spread to the liver [1]. Liver biopsy is
a crucial component for initial diagnosis as well as molecular analysis during the course of
treatment to define the best patient tailored treatment.

Some liver lesions are difficult to biopsy and repeated biopsies might be necessary,
especially when lesions are small or poorly defined by ultrasound or computed tomography.
Even with imaging guidance methods, up to 15% of liver biopsies are insufficient due to a
sampling of non-informative tissues [2]. Such failures are caused by a lack of recognition of
tumor tissue during biopsy, which results in a repetition of the biopsy thus increasing the risk
of hemorrhage and possibly needle tract seeding. In combination with the standard imaging
techniques the integration of an in vivo tissue differentiation device in the tip of a common
biopsy needle yields an additional source of local information which can potentially achieve a
higher biopsy success rate.

Diffuse reflectance spectroscopy (DRS) is a highly promising technique for tissue
recognition during biopsy. Several studies demonstrate the feasibility of DRS to differentiate
tumors from unaffected parenchyma in different organ systems such as breast [3—6], lung [7—
10] and brain [11-13] both ex vivo and in vivo. The non-invasive optical measurement
technique utilizes light absorption and scattering after its interaction with cells and molecules.
These light-tissue interactions are used to extract information about the underlying
biochemical composition and morphological structure of the analyzed tissue.

Spectroscopic detection of malignant tumors in liver specimens has been successfully
performed for primary liver cancer [14] and liver metastases in humans [15-19] as well as in
animal models [20,21]. In a clinical ex vivo study by Evers et al. [17] liver specimen of 24
patients who underwent surgery for colorectal liver metastases were analyzed with DRS in
the visible (VIS) and near infrared (NIR) spectral range. DRS achieved a sensitivity and
specificity of 94% in discriminating liver metastases from unaffected liver parenchyma. The
authors were able to estimate various chromophore volume fractions. Total hemoglobin, fat
and bile content turned out to be most discriminative parameters for tissue differentiation. Yu
et al. [14] obtained optical properties from 38 ex vivo human liver tissues with HCC. Using
the VIS wavelength range, absorption and scattering coefficients were significantly different
between non- and tumorous tissue mainly between 400 nm and 500 nm. Furthermore, a
recently published study by Tanis et al. [15] demonstrated that DRS can accurately
discriminate colorectal liver metastases from liver parenchyma in the in vivo setting. Liver
tissue of 19 liver tumor patients were analyzed prior to resection and classified with an
overall sensitivity and specificity of 95% and 92%, respectively. Similarly, to the above
mentioned ex vivo studies, bile was found to be the most significantly discriminative tissue
chromophore for in vivo tumor detection in the liver.

The major benefit of DRS is its ability to perform non-invasive tissue characterization in
near real-time without the need for exogenous contrast agents. In most of the studies
mentioned above, the measurement setups consist of expensive and complex spectroscopic
systems (i.e. broadband light source, fiber optic probe, and spectrometer). In order to proceed
to further clinical utilization the optical needle needs to fulfill the requirement for a compact,
cost-effective, and hand-held tool for biopsy. By replacing the light source and the
spectrometer with high power light emitting diodes (LEDs) and photodiodes, a major step
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towards a miniaturized and inexpensive assistance tool for biopsy with high clinical utility
could be achieved.

Several groups have recently concentrated on the progress of tissue differentiating
methods using only a few, but representative, spectral bands in DRS [22-25]. The results
suggest that this simplification is not necessarily associated with a loss in classification
accuracy. We have demonstrated that classification accuracy of diffuse reflectance
measurements of different animal tissues (liver and fat) using several selected spectral ranges
delivers comparable results to the analysis of the entire broadband spectrum [22]. Therefore,
an in vivo tissue differentiation can potentially be achieved by using LEDs for tissue
illumination and photodiodes for detection of the reflected light.

This is the first study to examine the use of LEDs in the VIS and NIR spectrum for tissue
differentiation in the liver. The potential of LED-based DRS was investigated ex vivo on liver
specimens with malignant lesions from 32 patients undergoing liver resection. We present the
ability of selected LEDs in comparison with DRS using a white light source (WS-based DRS)
in order to discriminate liver parenchyma from tumorous tissue.

2. Materials and methods
Clinical study design

This study was conducted in collaboration with the Department of Surgery of the University
Medical Center Mannheim between 2015 and 2017 under approval of the internal review
board (2014-590N-MA). 32 adult patients undergoing liver resection for various primary or
secondary liver tumors agreed to participate. Written consent was obtained from each patient
before surgery. Exclusion criteria were HIV or hepatitis C infection, age below 18 years and
parenchyma or tumor samples less than 1 cm in diameter. The aim was to evaluate the
feasibility of LED-based DRS to differentiate tumorous and non-tumorous liver tissue.

Instrumentation

Ex vivo diffuse reflectance spectra were acquired using a portable spectroscopic system. The
measurement concept consisted of several selective light sources based on LED as well as a
baseline system providing a continuous broadband spectrum. Spectral recording was achieved
using a portable spectrometer (USB4000-VIS-NIR-ES, Ocean Optics) with a 3648-element
charge-coupled device array detector covering a wavelength range from 344 nm to 1044 nm.
The fiberoptic reflectance probe (QR400-7-VIS-NIR, Ocean Optics), used in both
measurement setups, consisted of seven 400 pum core-diameter optical fibers within a six-
around-one fiber bundle design. A control software, programmed using MATLAB (Version
R2017a, Mathworks, Massachusetts, USA), was used to operate the spectrometer and to store
the acquired measurement data.

For selective light source measurements ten different high power LEDs (Roithner
Lasertechnik GmbH, Vienna, Austria) were positioned on a round mount connected via a
shaft to a mechanical selector switch. Each LED was powered by a separate constant current
source to ensure stable brightness. An optical diffuser (CC-3, Ocean Optics) collected light
from 180° field of view and coupled it into the multi-fiber bundle. The single fiber was
connected to the spectrometer. The entire construction was shielded from ambient light.

The selection of used LEDs was based on publications by Nachabé et al. [18] and Bydlon
et al. [26]. They summarized wavelength-dependent absorption characteristics of various
chromophores with their relevance for the liver and effect on optical properties after tumorous
changes. In liver tissue diffuse reflectance spectra in the VIS and NIR wavelength range are
mainly influenced by two main blood chromophores (deoxygenated and oxygenated
hemoglobin), bile, water, and lipids. LEDO1 was chosen because of the chromophore bile
with its main absorption peak at 409 nm, whereas LED02 and LEDO03 were chosen to be close
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to the absorption peaks of oxygenated and deoxygenated hemoglobin. The maximal peak
wavelengths of LED04 to LED10 mostly corresponded to the absorption of water and lipids.

Raw white source and LED spectra
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Fig. 1. Reflectance spectra of white light source (solid line, integration time 45 ms) and ten
different high power LEDs (dashed lines, integration time 100 ms) measured with a reflectance
standard.

For the baseline measurements a Tungsten halogen light (HL-2000, Ocean Optics,
Dunedin, Florida) provided light emission in the VIS and NIR spectral range (360 nm to 2400
nm). In this WS-based setup the single fiber delivered light to the tissue, while the remaining
external fibers collected diffuse reflectance from the tissue sample to the spectrometer. Figure
1 illustrates the spectral output of the WS (solid line) as well as of the ten different high
power LEDs (dashed lines) numbered consecutively from left to right in the given setup.

Optical measurements

Prior to each experiment, both spectroscopic setups (WS-based and LED-based) were
adjusted using a diffuse reflectance standard (WS-1, Ocean Optics) to ensure the consistency
of white light and LED power as well as other instrumental parameters. A dark spectrum (i.e.
no excitation and ambient light) was captured to correct the measurement spectra for
instrument response variables. Immediately after resection, the surgeon made incisions
through liver parenchyma and liver tumors. Measurement sites were defined with different
colored markers evenly distributed over the lesion and liver parenchyma, exemplarily shown
in Fig. 2. All tumors included had a macroscopically homogenous cut surface. There were no
tumors with a visible central tumor necrosis. The total number of investigated sites in each
patient varied from two to five in liver parenchyma and from two to eight in tumorous tissue,
depending on the specimen size. The average time span from tissue resection to the beginning
of the LED-based DRS was 14 + 8 minutes. After lightly dabbing the sample surface with a
tissue paper to remove any residual blood, the fiberoptic probe was placed in direct contact
with the tissue sample. Probe contact pressure was maintained at a level for which tissue
deformation was not visible.

At first, diffuse reflectance spectra were acquired with LED-based DRS (average
measurement time 17 + 7 minutes). For each measuring point DRS spectra were successively
captured using 10 LEDs. Per LED a total of 10 spectra was recorded. This procedure was
repeated for all following measurement sites. Then measurements were performed with WS-
based DRS (average measurement time 6 £ 2 minutes) following the before-mentioned
procedure, i.e. recording 10 spectra per measuring site. During spectral data acquisition, the
overhead lighting was temporarily turned off to minimize the contribution of ambient light to
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the optical spectra. All measurement sites where the probe was visibly covered in blood were
marked as invalid in the standard protocol and excluded from further processing. At the end
of each measurement, the specimen was returned to the operating room, formalin-fixed and
routinely passed on to histopathology for further investigation.

Fig. 2. Representative example of a resected liver with two malign lesions which are
metastases from rectal cancer. The colored markers in a and b describe the 6 measurement sites
on tumorous tissue. The remaining measurement sites in ¢ are defined on liver parenchyma.

Data processing and analysis

Before any analysis was conducted, reflectance spectra were processed to remove instrument-
introduced variations in both, measurements with WS and LEDs using MATLAB. For each
measurement site that was investigated, the mean spectrum was calculated from its
corresponding spectral data set. This procedure might eliminate artefacts in the measurement
data introduced by involuntarily hand movements during the data recording. A baseline
correction was performed, by subtracting the dark spectrum from each corresponding
measurement spectrum. To eliminate inter-patient variations in reflectance spectra of WS-
based DRS, the data was normalized. For this purpose, each continuous spectrum was divided
by its maximum intensity value, thus scaling the intensities of each signal between zero and
one. For reflectance spectra of the ten different LEDs the total photon count was calculated,
by summing over each measurement spectrum separately, resulting in one scalar value per
LED per measurement site.

In accordance with their histopathological identities, all measurements were divided into
two categories: liver parenchyma and tumorous tissue. We used several scientific python
libraries and tools to analyze the present measurements [27-29]. Since no assumption about
the classification model and its hyper-parameters could be made, a nested cross-validation
(CV) scheme was implemented. The nested CV consists of an outer CV for model selection
and an inner CV for hyper parameter tuning of the current model. Utilizing this procedure, an
overly-optimistic score of the classifier will be prevented [30].

Since we assume that the measurements of one patient are correlated, both the inner and
outer CV loops were implemented as a Leave-One-Patient-Out CV, where for each CV split
all measurements of one patient were removed from training and used for validation.

In the outer CV loop, a linear discriminant analysis (LDA) was performed on the training
set of WS reflectance spectra to reduce the dimensionality of the data set to ten linear
components. No dimensionality reduction was necessary for LED-based DRS. Support
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Vector Machines (SVMs) were tuned in the inner CV loop and used for classification of the
data set in the outer CV loop. For the WS-based DRS measurements all ten linear components
provided by LDA were used as features for classification. To keep the measurement system
as compact as possible, we used measurements from single as well as combinations of two
LEDs for LED-based DRS to train the classifier. For each run, the pipeline returned the
predictions for the current hold-out test patient. These predictions were compared to the
reference information of the measurement site (ground truth) and used to evaluate sensitivity
and specificity of the classification pipeline.

3. Results

During the study period of 21 months, liver specimens were collected from 32 liver tumor
patients with a mean age of 66 + 11.5 (range 39-84) years. The patient population consists of
20 males (62.5%) and 12 females (37.5%). Of the 32 patients nine had primary tumors and 23
secondary tumors (Table 1). Primary tumors were HCC or cholangiocellular carcinomas
(CCC). Secondary tumors were predominantly metastases from colorectal cancer. The mean
time between resection and beginning of the measurement was 14 + 8 minutes with LED-
based DRS and 28 + 23 minutes with WS-based DRS. Of the 32 patients 13 (40.6%) had a
history of receiving chemotherapy.

Table 1. Specification of liver tumors

Tumor type Number of patients
Primary tumor HCC 7
CCC 2
Secondary tumor Rectal 10
Colon 7
GIST* 3
Others® 3

“oastrointestinal stromal tumors; "chronic lymphoid leukemia,
lung carcinoid tumor, renal cell carcinoma

In total, 123 measurements on liver parenchyma sites and 131 measurements on tumorous
sites were performed. Because of blood contamination at the probe tip during the
examination, one measurement of liver parenchyma and three measurements of tumorous
tissue have been excluded from the statistical analysis of WS-based DRS. LED-based data of
the first patient has been excluded, because of defects in the measurement setup as well as
one further measurement site on liver tissue because of blood contamination at the tip of the
probe.

Figure 3 illustrates the average WS reflectance spectra of liver (solid line) and tumor
(dashed line) after baseline correction (top) and additionally with normalization (bottom). The
standard deviation of each type of tissue is represented as hatched and grey areas for liver
parenchyma and tumor, respectively.
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Fig. 3. Mean diffuse reflectance spectra of liver parenchyma (solid line) and tumorous tissue
(dashed line) using a broadband light source in the VIS and NIR spectral range before (top)
and after (bottom) normalization. The hatched (liver parenchyma) and grey (tumor) areas
indicate the standard deviation of each type of tissue.

Almost over the entire spectrum, the mean reflected intensity of malignant tissue is higher
compared to the mean intensity from liver parenchyma, displayed in Fig. 3 (top). The mean
spectrum of liver parenchyma shows high absorption of light between 450 nm to nearly 600
nm, resulting in a small positive slope, whereas the mean intensity of tumorous tissues
increases up to its maximum at 620 nm. The maximum mean intensity of the DRS from liver
parenchyma is located around 700 nm. In addition, the standard deviation of diffuse
reflectance spectra from tumorous tissue (grey area) is larger than from liver parenchyma
(hashed area) mainly at 500 nm to 800 nm. Considering the entire reflectance spectrum of
liver tissue measurements, the intra- and inter-patient variation between 500 nm and 600 nm
is very low.

Because of inter-patient variance, all spectra were normalized by their maximum
intensities. Figure 3 (bottom) shows the WS reflectance spectra after the normalization. As
can been seen, the normalization reduces the variance in the spectra while the spectral shape
remains unchanged. The results of the analysis are presented in Table 2. For each patient the
ratio of the number of correctly classified tissue measurements for both liver parenchyma and
malignant liver lesions is illustrated. The classification of the types of tissue is based on the
diffuse reflectance spectra without normalization as well as with normalization. The
predictions of the data without normalization shows a sensitivity and specificity of 90.6% and
93.4%, respectively, with an overall accuracy of 92%. After normalization of the
measurement data, the classification accuracy has been improved to 98.4% with only two
misclassified measurements per type of tissue, from both, tissue samples of patient with
primary and secondary liver tumors (sensitivity = 98.4% and specificity = 98.6%).



Research Article Vol. 9, No. 3| 1 Mar 2018 | BIOMEDICAL OPTICS EXPRESS 1077 I

Biomedical Optics EXPRESS -~

Table 2. Per patient classification based on SVM with Leave-One-Patient-Out CV of DRS
with selected LED combination, white source and normalized white source
measurements.

Patient LED2 vs LED3 WS normalized WS
number Liver Tumor Liver Tumor Liver Tumor

1 NA NA (5/5) (6/6) (5/5) (6/6)

2 (4/4) (3/3) (373) (1/3) (3/3) (3/3)

3 (5/5) (6/6) (5/5) (6/6) (5/5) (6/6)

4 (5/5) (5/5) (5/5) (4/5) (5/5) (5/5)

5 (5/5) (8/8) (4/5) (8/8) (4/5) (8/8)

6 (3/3) (2/2) (2/3) (2/2) (3/3) (2/2)

7 (5/5) (5/5) (5/5) (5/5) (5/5) (5/5)

8 (4/4) (5/5) (5/5) (2/5) (5/5) (5/5)

9 (5/5) (5/5) (5/5) (5/5) (5/5) (5/5)

10 (5/5) (5/5) (4/5) (5/5) (5/5) (5/5)

11 (5/5) (5/5) (3/5) (5/5) (5/5) (5/5)

12 (5/5) (6/6) (4/5) (6/6) (5/5) (6/6)

13 (3/3) (3/3) (373) (3/3) 3/3) (3/3)

14 (3/3) (3/3) (3/3) (3/3) (3/3) (3/3)

15 (3/3) (4/4) 2/3) (4/4) (3/3) (4/4)

16 (5/5) (5/5) (5/5) (5/5) (5/5) (5/5)

17 (3/3) (2/2) (3/3) (2/2) (3/3) (2/2)

18 (5/5) (5/5) (5/5) (5/5) (5/5) (5/5)

19 (5/5) (5/5) (5/5) (2/5) (5/5) (5/5)

20 (2/2) (3/3) (2/2) (3/3) (2/2) (3/3)

21 (2/2) (2/2) 2/2) (2/2) (2/2) (2/2)

22 2/2) (3/3) 2/2) (2/2) (2/2) (2/2)

23 (3/3) (3/3) (373) (3/3) 3/3) (3/3)

24 (3/3) (5/5) (3/3) (3/3) (3/3) (3/3)

25 (4/4) (4/4) (4/4) (4/4) (4/4) (4/4)

26 (3/3) (3/3) (3/3) (3/3) (3/3) (3/3)

27 (5/5) (5/5) (5/5) (3/5) (5/5) (4/5)

28 2/3) (3/3) (3/3) (3/3) (2/3) (3/3)

29 (3/3) (3/3) (3/3) (3/3) (3/3) (3/3)

30 (2/2) (2/2) (2/2) (2/2) (2/2) (2/2)

31 (5/5) (5/5) (5/5) (5/5) (5/5) (5/5)

32 2/2) (0/2) (1/2) (1/2) (2/2) (1/2)

Correct 116 123 114 116 120 126

Total 117 125 122 128 122 128
Sensitivity 98.40 90.63 98.44
Specificity 99.15 93.44 98.63
Accuracy 98.76 92.00 98.40

The measurement spectra of LED-based DRS have been integrated to one value per LED
per measurement site. Figure 4 displays the classification accuracy of the summed reflectance
spectra of the different LEDs separately, listed along the diagonal of the matrix, as well as in
paired combinations. It can be seen that the best results arise from LED02 and LEDO3 in
combination, with its maximum peak wavelengths at 470 nm and 515 nm, respectively. The
single use of LEDO2 already achieves a classification accuracy of 97.9% and in combination
with the reflectance spectra of LEDO3 an improved accuracy of 98.8%. As can be observed in
the Scatterplot (Fig. 5), one measurement of liver tissue is predicted incorrectly as tumorous
tissue and two measurement sites of malignant tissue were misclassified as liver parenchyma,



Research Article Vol. 9, No. 3| 1 Mar 2018 | BIOMEDICAL OPTICS EXPRESS 1078 |

Biomedical Optics EXPRESS .

which yields a sensitivity of 98.4% and a specificity of 99.2% as presented in Table 2. The
incorrectly classified measurements were derived from liver specimens of a metastasis of
rectal carcinoma (patient 28) and one HCC (patient 32).

Mean Leave-One-Patient-Out CV accuracy of SVM

PRI 6.0 97.9 95.0 92.1 91.7 91.3 90.9 90.1 89.7
PP 07.0 97.9 98.8 97.9 97.5 96.9 97.1 96.7 97.5 %
R 05.0 98.8 94.6 95.9 95.9 96.5 96.3 96.3 95.9 90
YW 02,1 97.9 95.9 BEIERLEN 85,6 90.1 90.5 90.1 a5
PR 01.7 97.5 95.9 ELRIREKN 90.0 92.1 92.6 93.0 80
PR 01.3 96.9 96.5 85.6 90.087.8 90.8 90.0
PNy A 20.9 97.1 96.3 90.1 92.1 8 86.0 87.6 [0 15
PPILE 90.1 96.7 96.3 90.5 92.6 90.8 86.087.2 : - 70
PN 89.7 97.5 95.9 90.1 93.0 90.0 87.6 87.2 XS | 65
Led10 FEHELEREE 752 78.1 755 65.3 71.5 72.3
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Fig. 4. Classification accuracy obtained from Leave-One-Patient-Out CV procedure based on
SVM using integrated diffuse reflectance spectra of single LEDs and paired LED

combinations.
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Fig. 5. Scatterplot of integrated photon counts from LED02 and LEDO3 of liver tissue (red
spots) and malignant lesions (blue crosses).

The receiver operating characteristic curve (ROC curve) depicts the false positive rate in
relation to the sensitivity for different probability thresholds for the best SVM classifier.
Figure 6 shows the ROC curve for the classification of the summed spectral intensities of
LEDO02 and LEDO3. The threshold for the desired classifier characteristic can be chosen by
selecting a point on the ROC curve.
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Receiver operating characteristic: LED2 + LED3
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Fig. 6. Receiver operating characteristic curve of discriminating results based on integrated
reflectance spectra values of LED02 and LEDO3. area: area under ROC curve

4. Discussion

In the present ex vivo study diffuse reflectance spectra were acquired from liver parenchyma
and malignancies of 32 patients. Differences can be observed between diffuse reflectance
spectra of the two examined types of tissue. Using a broadband light source, DRS can
accurately discriminate liver parenchyma from malignant lesions with a sensitivity and
specificity of 90.6% and 93.4%, respectively. Due to a high inter-patient variability and
especially the heterogeneity of tumorous tissue, we performed a normalization with maximum
intensity, which improved classification accuracy to 98.4% with a sensitivity of 98.4% and a
specificity of 98.6%, respectively. The mean spectral measurements shown in Fig. 3 suggest
that the optical properties of tissue types contain the most discriminative information for
tissue classification in the VIS wavelength range between 450 nm and 750 nm. These
findings are similar to those that have been reported for different ex vivo studies on human
liver tissue of tumor patients with primary cancer [14], as well as with liver metastases [17—
19].

In the present study we aimed to make the next crucial step towards clinical application of
the promising DRS for tissue differentiation by performing LED-based DRS. We identified
several emission wavelengths of LEDs where diffuse reflectance intensities from normal liver
differ from those of malignancies. LEDs illuminating in the VIS spectral range, especially
LEDO1 (405 nm), LEDO2 (470 nm), LEDO3 (515 nm) and LED04 (650 nm) achieved a
classification accuracy between 77.3% and 97.9%. By determining the best LED combination
(LEDO2 and LEDO03), accuracy was improved to 98.8% with a sensitivity and specificity of
98.4% and 99.2%, respectively. Misclassified measurements occurred in both DRS setups
from liver samples of patients with primary, as well as with secondary tumors. The ROC
curve (Fig. 6) can be used for adjusting the threshold values for a low false positive rate or a
high sensitivity. In the case of a tissue differentiating biopsy needle a low false positive rate is
clinically more desirable. Liver tissue would not be misclassified as tumorous tissue at the
cost of a misclassification of tumor tissue. This means in a tissue classification algorithm, the
diagnostic decision making would be advisable for a false positive rate near zero.

Each biological matter in an examined tissue sample has its intrinsic wavelength
dependent optical absorption characteristic. As mentioned before, changes between types of
tissue mainly occur in the VIS wavelength range caused by different compositions of light
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absorbing chromophores. Important chromophores in the liver, absorbing in the wavelength
range of LEDO1-LEDO04, are bile as well as oxygenated and deoxygenated hemoglobin [26].

In comparison with the diffuse reflectance spectra, it was noticed that the diffuse
reflectance intensities from healthy tissue between 400 nm - 600 nm consistently were lower
than those from tumor, displayed in Fig. 3 and Fig. 5. These observations originate from
different chromophores for both primary and secondary tumor types. Since metastases consist
of abnormal cells with their origin in other organs, the amount of bile with high absorption
between 400 nm and 500 nm is low [17,18,31]. Extracted from diffuse reflectance spectra,
Nachabé et al. [18] have shown that the amount of bile in metastatic tumor tissues is 80%
lower than in healthy liver tissue. Although, primary liver cancer cells can produce bile, the
diffuse reflectance spectra show comparable results of absorption in the wavelength range
between 400 nm and 500 nm with spectra of metastases [14]. Yu et al. explain this finding
with the presence of an additional chromophore existing mainly in the liver parenchyma
called cytochrome P-450 [14]. This chromophore has its main absorption peak at 450 nm and
its presence is relatively lower in primary liver cancer [32].

In addition, various studies have observed statistical differences in the oxygen saturation
of blood between liver tissue and tumors [17,18,20]. Since we performed an ex vivo study,
caution needs to be taken with regard to changes in oxygenation level after resection due to
elimination of liver perfusion. Based on the study by Kitai et al. [33] we assume that
measured hemoglobin oxygenation does not reflect the actual oxygenation level as it would
do in vivo. However, tumors are known to have a vascular network of higher density than
most normal tissues. Considering liver tissue, the opposite seems more likely, because it is
characterized by a dense capillary network. Besides bile, the high absorption in the VIS
wavelength range in liver tissue can be caused by the blood volume fraction, which is proven
to be higher in healthy liver tissue [15,17,18,20,34].

Although our results are promising and we assume that a tumor sensing biopsy needle
using LED-based DRS seems feasible in liver tissue, several shortcomings of our study have
to mentioned. First, various tissue parameters, for example tissue oxygenation, might
significantly change after the specimen has been removed from the patient’s body. However,
we expect, that the most discriminative chromophores absorbing around 400 nm and 500 nm
are unlikely to change significantly after resection. Nachab¢ et al. [20] presented the first in
vivo real-time optical tissue characterization in woodchucks during percutaneous intervention
using NIR DRS sensing at the tip of a needle. The measurements showed significant
differences when the needle tip was moved from healthy liver tissue to primary liver cancer,
mainly because of tissue blood volume fraction and oxygenation. Additionally, Tanis et al.
[15] performed in vivo spectral data acquisition with DRS incorporated at the tip of a needle
to discriminate colorectal liver metastases from normal liver tissue in 19 patients. Overall
sensitivity and specificity were 95% and 92%, respectively, where bile was the most
discriminative parameter. As our measurements were performed in comparable emission
wavelengths, we assume that our ex vivo findings can be applied to an in vivo setting, which
has to be verified in further studies. Second, the presence of blood around the needle tip
cannot be disregarded due to needle feed in vivo. As total hemoglobin fraction is known to be
one of the main discriminative absorbing parameter in the emission wavelength range of
LEDO2 and LEDO3, the effect on optical measurements of local hemorrhage in the in vivo
setting has to be investigated further. Third, we did not histologically examine each
measurement site separately to confirm that the needle was positioned in tumor tissue.
However, the macroscopic difference between the type of tissue was so distinct that
misinterpretation seems extremely unlikely.

5. Conclusion

To our best knowledge, this is the first study that sought to assess the feasibility of LEDs as
light sources for DRS to differentiate normal liver parenchyma and malignant liver lesions. In
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sum, using DRS with a combination of two LEDs with maximal peak wavelength at 470 nm
and 515 nm for tissue illumination, this method has successfully classified these types of
tissue ex vivo. This advantage could yield to a simple handheld and cost-efficient tool for
real-time tissue differentiation implemented in the tip of a biopsy needle. Providing crucial
information about the tissue at the needle tip position before a tissue sample is taken may help
to decrease the biopsy failure rate hence reduce biopsy procedure time, expense and patient’s
risk. With this compact device no further components need to be installed in the sterile field
with minimal impact on clinical workflow. These expectations need to be confirmed in future
ex vivo and in vivo studies.

For the future work a new prototype with the determined LEDs as well as photodiodes
implemented in the biopsy needle tip is currently being developed. The prototype enables
continuous measurements during needle insertion, thus allowing the co-registration between
measurement data and its histologic examination at multiple sites of the branch canal,
including determination of e.g. histologic fibrosis and necrosis degree.
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